Multi--pigment protein complexes in plants, moss, and photosynthetic algae perform delicate photo--physical and chemical tasks. These processes are highly regulated by the conformational flexibility of the proteins and their interplay within a dynamic thylakoid membrane environment (1, 2) . Obtaining atomic--level structures of these complexes under physiological conditions is an essential step towards understanding the molecular mechanisms that regulate the excitation energy flow. To understand the molecular mechanisms that regulate photosynthesis, the most abundant, peripheral antenna complex, Light Harvesting Complex II (LHCII), has been studied extensively and the conformational switch of LHCII has been the topic of much debate (2--12) . Single--molecule fluorescence studies have demonstrated that individual LHCII complexes can fluctuate between light harvesting and dissipative states (4, 7) and MD (Molecular Dynamics) simulations on LHCII in a lipid bilayer (9) suggest that the N--terminal region is highly disordered and could modulate excitation quenching. The conformational states and dynamics of LHCII have been previously investigated in crystals or detergent solutions (4, 10, 13, 14) . These conditions are very different from more native conditions where complexes are stabilized in a lipid bilayer and can interact with other proteins and lipids, which has been shown to affect their fluorescent states (15, 16) . Moreover, in native thylakoid membranes the antenna proteins are held in specific arrangements within LHCII--Photosystem II super complexes (17) . The presence of zeaxanthin, phase transitions and membrane stacking may further control the conformational dynamics of the individual LHCs (18) , underlining the importance of studying their dynamic behavior in native surroundings.
Herein, we applied solid--state NMR (Nuclear Magnetic Resonance) spectroscopy to study the structure and dynamics of LHCII in native thylakoid membranes. Solid--state NMR spectroscopy has shown to be a powerful tool for atomistic detection of membrane proteins in native membrane or cellular environments and several in--situ and in--cell solid--state NMR studies have investigated membrane proteins that were overexpressed in prokaryotic and eukaryotic host--expression systems (19--25) . We take advantage of the fact that our target protein is present at a high natural abundance in thylakoid membranes under native conditions, and demonstrate that LHCII NMR signals can be detected in thylakoids isolated from wild--type eukaryotic Chlamydomonas reinhardtii (Cr) green algae cells. Isolated U-- 13 C, 15 N Cr LHCII were analyzed that were reconstituted in thylakoid--lipid membranes, to obtain a view on the conformational dynamics of LHCII in a lipid environment. By comparing these data to the spectra of native thylakoids, we uncover marked differences in the conformational dynamics of LHCII, with implications for the role of the thylakoid membrane environment for LHCII function.
Results and Discussion

Biochemical analysis of Cr thylakoid membranes and of isolated Cr LHCII trimers
The LHCII monomeric structure is characterized by three membrane--spanning helices (helix A--C) and two short helical fragments (helix D and E), the N--and C--tails, and segments containing large, water--exposed loops. Fig. 1 (A--C) shows the protein structure, pigment--protein structure and a top view of the trimeric structure of LHCII. To investigate the occurrence of LHCII in the thylakoid preparation, we used the procedure described for the isolation of the LHCII trimers and ran a sucrose gradient. Fig. 1D clearly shows that the LHCII trimers are the most abundant pigment--containing complexes in the thylakoid preparations.
Different molecular--weight bands are distinguished for LHCII in the SDS page analysis due to the fact that the LHCII trimers are isomers consisting of different polypeptides with different molecular weights. The most abundant polypeptides are Lhcbm1, Lhcbm2/7 (Lhcbm2 and Lhcbm7 have identical mature peptide sequences) and Lhcbm3 (26) . The absorbance spectrum of the thylakoid membranes confirms the presence of Chls and carotenoids ( Fig.   S1 ) and High Performance Liquid Chromatography (HPLC) data show that Cr LHCII proteins bind Chla and b, lutein, neoxanthin or loroxanthin and violaxanthin, together with small traces of beta carotene and antheraxanthin (27) . 
NMR analysis of LHCII in lipid membranes
Comparison of LHCII structure and dynamics in reconstituted and in native thylakoid membranes: results from dipolar--based experiments
Dipolar--based CC spectra of native thylakoids were collected using parameters identical to those used for the isolated LHCII. shifts predictions were generated from the Lhcbm1 and Lhcbm2 homology models using the program SHIFTX2 (30) and (iii) simulated CC correlations were generated from the predicted chemical shifts using FANDAS (31) . The resulting chemical shift predictions are overlaid in the inset spectra and shown as cyan and orange crosses. We compared the structure--based predicted shifts of Thr, Ser and Ala (cyan, orange) and their experimental peaks in the LHCII spectrum (in black). Interestingly, some of the LHCII peaks match closely with predicted correlations for non--conserved residues. For instance experimental peaks are observed that are close to the predictions of S18 and S221, which the predicted range for residues T16, T35, S110, T205 and T188 in Lhcbm1 and for T22, T38, S113 and T191 in Lhcbm2. In the LHCII NC spectrum, we observe additional anomalies for V106, I111 and T213 for Lhbm1, and for G20, I114, T191 and T216 for Lhcbm2 (Fig. S3) According to the LHCII crystal structures, none of these residues is in direct Van der Waals contact with pigment ligands, excluding that protein--pigment interactions cause chemical--shift anomalies. The lower panel in Fig.3 shows the Lhcbm1 structure in which residues with deviating shifts are highlighted in red, revealing that the N--terminal stretch at the stromal site and in the CE loop, the edge of helix A, and the C terminus facing the lumen contains flexible protein sites.
J--based experiments reveal reduced LHCII dynamics in native membranes
Comparing the thylakoid spectrum to the LHCII spectrum in the Thr, Ser and Ala regions, We could assign the J residues in the LHCII spectrum to Ala, Thr, Ser, Phe, Pro, Val, Lys, Ile, Glu, Asn and Leu amino acid types (3xA,T,S and 1xF,P,V,K,I,E,N,L plus 1 L or D, see Table  S1 and Fig.S4 . Because these represent residues that display fast and large--amplitude motions, we predict that they are located in the non--helical loop stretches and in the terminal tails.
The N terminus of Lhcbm2/7 (AAI, first three amino acids) and the C--terminal stretch of Remarkably, the J--based spectrum of LHCII also contains two sets of Chl signals that are assigned to P1, P2, P3, P3a and P4 phytol tail resonances (Table  S2  and proteins CP29 or CP26 (17, 33) and also in the low--resolution structures of Cr PSII--LHCII, LHCII trimers are arranged next to CP29 and CP26 (26) .
Dynamics of intrinsic lipids
A specific set of lipid signals was identified in the dipolar--based CC spectra (Fig.3) were attributed to PG, indicating that this lipid is strongly bound. LHCII complexes bind one PG lipid per monomer that is essential for ligating Chl611. Together with Chl612 and Chl610, these Chls form the terminal emitter domain of LHCII where excitations accumulate via downhill intra--protein energy--transfer. In the dissipative state, this site has been proposed as the quenching domain (18) . In the J--based CC spectra, multiple lipid signal resonances are observed in the thylakoid spectrum as well as in the LHCII spectrum. Resonances of lipid galactosyl heads are observed in the region between 50--106 ppm that can be assigned to MGDG and a DGDG lipid molecules (34) and are summarized in Table S3 . The reconstituted membranes in the LHCII sample are not isotope labeled and the probability of detecting 13 C-- 13 
Implications for the LHCII conformational switch in vivo
The NMR analysis shows that in membranes in vivo at ambient temperature the conformational dynamics of LHCII are much more constrained than in thylakoid--mimicking environments in vitro and that both fast, segmental, and slower, thermal motions are 
Conclusion
We demonstrated the ability to detect the conformational dynamics of LHCII inside native membrane environments and conclude that the dynamics of LHCII in thylakoids is significantly restrained compared to its dynamics in reconstituted membranes. Notably, the thylakoid sample was isolated from cells grown under moderate light conditions and we assume that the thylakoid--embedded LHCII structures represent the light--harvesting conformation. Thus far this conformational state could only be studied in vitro using isolated proteins in detergent solutions (3, 4, 8) of which the dynamic features are not representative of their native states. Moreover, NMR spectroscopy can detect signals from different Lhcbm polypeptide types, which are not distinguished in crystallographic and cryo--EM structures.
Selective Lhcbm mutants could be used in the future to further identify chemical shift contributions of the different polypeptide types (37) . Photosynthetic regulatory processes such as state transitions and NPQ are studied on thylakoid membranes, cells, or leaves under physiological conditions, whereas structural dynamics of the involved proteins has only been investigated on isolated complexes. The possibility to detect LHCII NMR chemical--shift signals in intact thylakoid membranes, and simultaneously detect the thylakoid membrane lipids, now opens a route to study the effects of thylakoid plasticity on the intrinsic protein conformational dynamics and states.
Material and Methods
Biosynthetic isotope labeling of Cr cells and sample preparation
For the experiments on isolated LHCII trimers, Cr cells from strain cw15 were cultivated in
Erlenmeyer flasks with liquid tris--acetate phosphate (TAP) medium, at 100 rpm agitation and 21 °C in a growth chamber. For optimal labeling of the LHCII complexes, cells were grown under mixotrophic conditions under dim light to minimize the uptake of 12 CO 2 from air.
Continuous illumination was provided from cool--white fluorescent lamps under low (< 25 µmoles photons m --2 s --1 ) photosynthetically active radiation (400--700 nm). The TAP medium (38) used to grow labeled cells, was prepared using 13 
Gel electrophoresis
Coomassie--stained SDS--page was performed using 15% Tris--glycine gels (39) . Samples were solubilized with a solubilization buffer (4 ×) containing 30% glycerol, 125 mM Tris pH 6.8, 0.1 M dithiothreitol, 9% SDS.
Solid--state NMR experiments
Solid--state NMR spectra of U--13 C-- 15 (40) contact times were 800 μs and 1 ms, respectively, with a constant radio frequency (rf) field of 35 and 50 kHz on nitrogen and carbon, respectively, while the proton lock field was ramped linearly around the n = 1 Hartmann/Hahn condition (41) .The 15 N/ 13 Ca SPECIFIC--CP transfer (42) was implemented with an optimized contact time of 4.2 ms with a constant lock field of 2.5×ν r applied on 15 N, while the 13 C field was ramped linearly (10% ramp) around 1.5×ν r . 1 H decoupling during direct and indirect acquisition was performed using SPINAL64 (43) with ~83 kHz irradiation. The presented 2D 13 C--13 C PARIS (44) spectra were collected with a mixing time of 30 ms at 17 kHz MAS at a set temperature of --18 o C. The 2D NCA and NCACX experiments (45) were performed on the LHCII sample at 14
kHz MAS frequency and a readout temperature of --18 o C. For the NCACX experiment a PARIS mixing time of 50 ms was used. The J--coupling based 2D 13 C--13 C INEPT--TOBSY (46, 47) experiments were recorded at --3 o C with TOBSY mixing of 6 ms at 14 kHz MAS. Spectra were processed with Bruker TopSpin 3.2 (Bruker, Germany) with LPfr linear prediction and fqc mode for Fourier transformation. Spectra were analyzed by Sparky version 3.114 (48) and MestReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, Spain).
NMR chemical shift prediction using a plant--LHCII homology model
Homology models of Cr LHCII were built using the SWISS model web server (49) based on the LHCII crystal structure of spinach and using the Lhcmb1 or Lhcbm2 sequence of Cr LHCII (50) .
The Lhcbm sequences and respective PDB models were used as input for SHIFTX2 (30) in order to predict the 13 C and 15 N chemical shifts. 13 C--13 C predicted correlation spectra for use in Sparky (48) were generated by FANDAS (31) . 
